Multiple studies have reported high levels of IL-10 in SLE patients and in murine models of lupus. IL-10 is a regulatory cytokine mainly produced by B cells, which use this cytokine to support their proliferation, and by myeloid cells, which use IL-10 to reduce proinflammatory responses. IL-10 is also produced by a subset of CD4 þ T regulatory cells. Various manipulations of IL-10 levels with repeated administrations of anti-IL-10 neutralizing antibodies, genetic ablation or injections of recombinant cytokine have shown contradictory results, which is likely to reflect the opposite effects of this cytokine on the two major effector arms of lupus pathologenesis, namely B cells and inflammation. We have investigated the role of IL-10 in a novel congenic model of lupus, B6.Sle1.Sle2.Sle3 (B6.TC), which consists of the three NZM2410-derived SLE susceptibility loci combined on a C57BL/6 background. We first investigated in this model the source of elevated IL-10 and shown that it results from a larger number of CD4 þ T cells producing the cytokine, and from a greatly increased B1-a cell pool, which is the main IL-10 producing compartment. We have then used AAV-mediated skeletal muscle gene delivery to overexpress IL-10 in young B6.TC mice and follow disease marker expression up to 7 months of age. We show here that continuous overexpression of low levels of IL-10 significantly delayed antinuclear auto-antibody production and decreased clinical nephritis. B cell phenotypes were largely unaffected, while T-cell activation was significantly reduced. This highlighted the pivotal role played by T-cell activation in this model, and suggested that this pathway could be effectively targeted for therapeutic interventions. These results also reinforce the notion that IL-10 exerts multiple functions and commend caution in equating high levels of IL-10 and increased pathogenesis in systemic autoimmunity.
IL-10 is a pleiotropic cytokine that possesses both immunosuppressive and immunostimulatory properties. Its potentials of dampening inflammatory responses have generated a lot of interest in autoimmune research. 1 Numerous studies have shown an increased IL-10 production by the peripheral blood B cells and monocytes from systemic lupus erythematosus (SLE) patients, and this increase correlated with disease activity. 2 Increased IL-10 production in SLE patients may have a genetic basis, 3, 4 and a polymorphism in the IL-10 promoter has been associated with lupus susceptibility. 5 Inhibition of IL-10 action through use of neutralizing antibodies results in decreased disease marker expression SLE patients. 1 These results have been generally interpreted as intrinsically high levels of IL-10 contribute to lupus susceptibility and severity by promoting B-cell proliferation, and therefore the immunostimulation by this cytokine trumps over immunosuppression in lupus patients. Experimental studies using murine models have, however, uncovered a more complex situation.
High IL-10 levels have been described in all murine models of SLE. 6 Moreover, continuous administration of anti-IL-10 antibody to NZB/W F1 mice significantly delayed the development of lupus, and this effect was attributed to an increased production of TNFa. 7 These results corroborated the hypothesis that increased IL-10 levels promote lupus pathogenesis. Genetic deficiency of IL-10 resulted, however, in significantly enhanced disease severity in the MRL/lpr model with increase in IFNg and IgG2a anti-dsDNA auto-antibody production, while administration of r-IL-10 reduced the expression of these disease markers. 8 These contradictory results may be explained by the dual effects of IL-10, which stimulates B cells and auto-antibody production, but downregulates inflammatory T cells.
The purpose of this study was first to evaluate IL-10 production in the NZM2410-derived B6.Sle1.Sle2.Sle3 mouse model of SLE. NZM2410 is a recombinant inbred strain produced from NZB and NZW that develops a highly penetrant lupuslike disease in both males and females. 9 We have shown that three major genetic loci, Sle1-3, are responsible for disease susceptibility. 10 The triple congenic strain, B6.Sle1.Sle2.Sle3 or B6.TC, which expresses these three loci on a C57BL/6 (B6) background, also develops a highly penetrant lupus nephritis, although with a delayed onset as compared to NZM2410. 11 The B6.TC strain represents a genetically simplified lupus model which shares 96% of its genome, including the MHC, with B6, which can therefore be used as a control strain. As its parental strain NZM2410, B6.TC mice produce large amounts of antinuclear auto-antibodies and their lymphocytes exhibit a high level of activation. Although an elevated IL-10 production is expected in B6.TC mice as in the other SLE models, we investigated which cellular compartment is responsible for this over production. B6.TC mice accumulate large amounts of B-1a cells, 12 and this cellular compartment is the major producer of IL-10.
13 IL-10 is however produced by other cells types, including T cells and dendritic cells, and there is evidence that regulation of IL-10 production differs between these cell types.
14 T cells and dendritic cells show increased activation levels in lupus, which may affects their ability to produce IL-10.
The second part of this study addresses the effect of IL-10 overexpression on disease progression and biomarker expression in the B6.TC model. To overexpress IL-10 in vivo, we have used an AdenoAssociated Virus (AAV) vector. AAV is a 4.7 kb single-stranded DNA nonpathogenic defective human parvovirus that is utilized as a viral vector for gene therapy. In the absence of a helper virus, such as adenovirus, AAV integrates into the genome of mitotic and postmitotic cells of many different types in a variety of animal species, including mice. 15 The cis elements are (ITRs). In AAV vectors, the transgene of interest is inserted in between the inverted terminal repeats (ITRs), which are required for replication, packaging, insertion into and release from the host chromosome. Continuous stable production of secreted cytokines can be achieved in vivo through recombinant AAV-mediated skeletal muscle gene delivery. [15] [16] [17] AAV-IL-10 has now been used successfully as an anti-inflammatory gene therapy in many models, including endotoximia, 18 arthritis, 19, 20 atherosclerosis, 21 experimental autoimmune orchitis, 22 experimental autoimmune uveitis, 23, 24 chronic renal disease 25 and type 1 diabetes. [26] [27] [28] [29] Interestingly, it has been shown in this latter model that the protective effect of IL-10 overexpression was mediated through the induction and mobilization of CD4 þ CD25 þ regulatory T cells (T R ). 30 These results indicated that in these largely inflammatory T H1 cell-mediated diseases, the immunosuppressive activity of IL-10 was dominant. In SLE, however, there is no clear cut T H1 vs T H2 imbalance, 8, 31 and both B cells and T cells play a necessary role in disease initiation and progression, making the role of IL-10 less predictable.
Materials and methods

Mice
The production of the B6.Sle1.Sle2.Sle3 (B6.TC) has been previously described.
11 B6.TC and C57BL/6J (B6) mice were bred and maintained in specific pathogen free housing at the University of Florida and all experiments were conducted according to IACUC approved protocols. The entire study was conducted on females only, at the age indicated for each experiment, since females develop an earlier disease onset. 11 
Cytokine Measurements
B6. TC and B6 control mice were used at 7-8 months of age. Red blood cell depleted splenocytes were incubated at a concentration of 10 6 cells/ml with 2 mg/ml of anti-CD28 in anti-CD3 precoated plates (BD Pharmingen, San Diego, CA, USA) for 3 days. Total peritoneal cavity (perC) cells were washed out from the peritoneal cavity with 10% FBS-PBS and then cultured with 1 mg/ml LPS (Sigma, St Louis, MO, USA) for 3 days. Bone-marrow-derived dendritic cells were produced with GM-CFS and IL-4 according to established protocols. 32 IL-10 levels in the supernatants were measured with a OptEIA Mouse IL-10 ELISA kit (BD Pharmingen) according to manufacturer's instructions. For intracellular cytokine staining, spleen cells were incubated for 5 h in presence of leukocyte activation cocktail with Golgiplug (BD Pharmingen). After blocking, lineage surface markers were stained with anti-CD4 (RM4-5), B220-FITC (RA3-6B2), CD5-PE (53-7.3) and CD11c (HL3). Then cells were fixed and permeabilized in BD Cytofix/Cytopermt solution and intracellular cytokine was stained with anti-IL-10-PE (JES5-16E3). The stained cells were analyzed with a FACS Calibur cytometer (BD Biosciences, Mountain View, CA, USA). For the perC B-cell subset analysis, whole peritoneal lavages were incubated at 371C, 10% CO 2 for 2 h in 10 cm diameter cell culture dish to remove macrophages. 
Treatment with IL-10 AAV
The construction of the mouse IL-10 AAV serotype 1 vector has been previously described. 26, 30 Briefly, a murine IL-10 cDNA was cloned into the p43.2 plasmid with expression driven by a fused CMVchicken b-actin promoter with human 293 cells used as the primary hosts. Calcium phosphate-mediated cell transfection was used to introduce the plasmid DNA into the host cell. The rAAV1 vector plasmid p43.2 containing the mouse IL-10 gene was combined with helper plasmid pDG, which contained both the AAV genes (rep and cap) and the adenovirus genes. 33 Recombinant AAV production, titer and infectivity determination were performed as previously described. 33 Mice (6 weeks old) were injected in the caudal muscle of both hind legs with 10 10 IU of murine IL-10 AAV serotype 1 resuspended in 100 ml PBS or PBS alone. Mice were bled and tested for proteinuria bi-monthly up to 26 weeks after transduction (about 8 months of age) when the experiment was terminated. Upon killing, tissues were harvested for histology, RNA extraction and flow cytometry.
RT-PCR Assessment of IL-10 Expression
Total RNA from caudal muscles was extracted with Clontech reagents (BD Clontech, Palo Alto, CA, USA) according to manufacturer's instructions. Nested one-step RT-PCR was performed as previously described 30 with Stratascript RT reagents (Stratagene, La Jolla, CA, USA). Each PCR round performed 40 cycles of amplification with an annealing temperature of 601C. Primer sequences were as follows: P1: AGTCGCTGCGACGCTGCCTT and P2: CTGCTCCACTGCCTTGCTCT amplifying a 586 bp product; P3: GGCTCTGACTGACCGCGTTA and P4: GCAGCTCTAGGAGCATGGG amplifying a 232 bp product.
Antibody Measurement
Total serum IgM and IgG isotypes and IgG autoantibody directed against dsDNA or chromatin were measured by ELISA. For total immunoglobulin measurement, plates were coated with an anti-kappa antibody (Southern Biotech), then blocked with 6% BSA. Serum samples diluted 1:200 000 and standard immunoglobulin serial dilutions were added. Secondary antibodies were alkaline phosphataseconjugated anti-IgG (Chemicon International, CA, USA), -IgG1, -IgG2a, -IgG2b, -IgG3 or -IgM (Southern Biotech, Birmingham, AL, USA). For anti-dsDNA and anti-chromatin IgG measurement, plates were coated with dsDNA (Sigma, St Louis, MO, USA) or total histone (Boeringher Mannheim, Germany) and dsDNA, respectively, and blocked with 6% BSA. Serum samples diluted 1:100 and serial dilutions of an NZM2410 standard were added, and samples were exposed to anti-IgG alkaline phosphatase antibody (Chemicon, Temecula, CA, USA). Values were expressed as units with 100 U corresponding to the value for the 1:100 dilution of the NZM2410 standard. The samples were visualized with pNPP substrate and optical densities were measured at 405 nm using a standard microtiter plate reader.
Kidney Histology
Proteinuria was determined semi-quantitatively with Albustix strips (Bayer, Elkhart, IN), using a 0-4 scale (0: negative, 1: 30 mg/dl, 2: 100 mg/dl, 3: 300 mg/dl and 4: over 2000 mg/dl of urinary protein). The type and extent of glomerular lesions was evaluated on hematoxylin and eosin (H&E) and periodic acid Schiff (PAS) stained section using a classification based on modifications of the WHO and RPS/ISN Classification of Glomerulonephritis in Systemic Lupus Erythematosus 34, 35 with a semiquantitative overlay as previously described. 11 For immunofluorescence staining, kidney sections (8 mm) were fixed in cold acetone and blocked with the Avidin-Biotin Blocking Set (Biomeda, Foster City, CA, USA), then 1% normal rat serum in PBS. Sections were stained with 1:100 dilution of FITCconjugated anti-C3 (Cappel, Malvern, PA, USA) or anti-IgG (Southern Biotech, Birmingham, AL, USA).
Flow Cytometry
Single cell suspensions from bone marrow, spleen and peritoneal cavity were treated with FcR Block (2.4G2) and directly stained with monoclonal antibodies to mouse CD5 (53-
. Biotinylated antibodies were revealed with Streptavidin Quantum Red (Sigma). 50 000 cells per sample were analyzed on a BD Facscalibur.
Statistics
The proteinuria data was analyzed with a w 2 test. Serum cytokines expressed by B6.TC mice treated with AAV-IL-10 or saline and age-matched B6 controls were compared with one-way ANOVA. All other data was analyzed with t-tests or Wilcoxon tests for unpaired data with continuity correction, depending whether the data was normally distributed or not. Statistical significance was obtained when Pr0.05 and is indicated in figures as *Pr0.05, **Pr0.01 and ***Pr0.001.
Results
B6. TC Mice Produce More IL-10 than B6 Controls Due to a Greater Production from CD4
þ T Cells and a Greater Number of perC B-1a Cells
We compared IL-10 production between B6.TC and B6 in various cell types. Anti-CD3 and anti-CD28 stimulated splenocytes produced significantly more IL-10 in B6.TC than in B6 controls (Figure 1a) . Intracellular staining showed that a significantly greater proportion of B6.TC splenic CD4
þ T cells produced IL-10 ( Figure 1b) . However, the amount of IL-10 produced by splenic B cells or bone-marrow-derived dendritic cells was similar between the two strains (data not shown). PerC B-1a cells, which constitute the major IL-10 producers, 13 were analyzed separately. Whole peritoneal B6.TC cells produced significantly more IL-10 than B6 following LPS stimulation (Figure 1c) . The peritoneal cavity of B6.TC mice contains, however, significantly more B1a cells, both in absolute number and percentage, than B6 controls. 12 Intra-cellular staining showed that the percentage of B-1a cells producing IL-10 is actually equivalent between the 2 strains, with or without IgM or LPS stimulation (Figure 1d ), indicating that the greater IL-10 production in the B6.TC peritoneal cavity results from the higher number of B-1a cells, but not from an enhanced production from individual cells. Unstimulated perC B-2 cells from B6.TC produced significantly more IL-10 To analyze the effect of increased IL-10 levels in the B6.TC model, 6 weeks old B6.TC mice were transduced intramuscularly with 10 10 IL-10 AAV serotype 1. Control mice were transduced with PBS alone. The animals were killed 26 weeks after transduction for analysis of auto-antibody production, immune cell distribution and activation, and renal pathology. IL-10 expression was detected in the muscle of transduced animals by RT-PCR 26 weeks after the injections, establishing the long-term and continuous expression of the cytokine from the AAV vector (Figure 2a) . Previous work has shown that the AAV vector by itself does not induce IL-10 production, 26 and as expected, no IL-10 was found in the muscle of mice injected with PBS alone. Two animals (# 10 and 16) that did not show IL-10 expression at killing were excluded from analysis, as they could have been not transduced at all or with a lower dose of virus that provided only transient IL-10 expression. As previously shown with AAV-IL-10, 26 a moderate level of myositis was observed in transduced muscle of B6.TC mice (data not shown).
In addition, we observed near the site of injection in one of the B6.TC mice severe focal neuritis and vasculitis (Figure 4a ), confirming the potential local inflammation that may occur with AAV-IL-10 intramuscular transduction. AAV-IL-10 transduction did not result in a detectable increased serum IL-10 (Figure 2b) , confirming that the expression from the AAV vector corresponds to a very small amount of IL-10 as compared to injections of purified protein. Although inter-individual variation was high, the level of serum IL-10 was significantly higher in B6.TC mice (either AAV-IL-10 transduced or not) than in aged-matched unmanipulated B6 controls across a 6 weeks period (Figure 2b , one-way ANOVA Po0.0096), which corroborates the results reported earlier in this study. The functional effect of AAV-IL-10 transduction was, however, detectable as a significant decrease in proinflammatory cytokines, IFNg 6 weeks after transduction and TNFa 4 weeks after transduction (Figure 2b ). Later on, these cytokines were expressed at similar levels between the two groups, suggesting that the functional effects of AAV-IL-10 expression were limited to 4-6 weeks after injection of the vectors.
AAV-IL-10 exposure significantly decreased total serum IgM (P ¼ 0.002, Figure 3a ) but had no effect of total IgG as shown at 18 weeks postinjection in Figure 3b . Total IgG2b, however, was significantly decreased in the AAV-IL-10 mice (P ¼ 0.036, (Figure 3e ) production was significantly reduced in IL-10 transduced B6.TC mice, although it increased with age, and the difference was no longer significant for anti-dsDNA IgG 26 weeks postinjection.
Overexpression of IL-10 by IL-10AAV Transduction Decreased Renal Disease
IL-10 overexpression did not produce any significant histopathological change as compared to PBStreated controls. In particular, it was not associated with any histological changes in PAS-stained renal sections, and all AAV-IL-10 treated (Figure 4b ) and control B6.TC mice presented global proliferative glomerulonephritis in more than 50% of there glomeruli. Excreting protein in the urine was, however, significantly decreased in AAV-IL-10 treated mice (Figure 5a ), indicating a clinically less active renal pathology. Accordingly, a reduced amount of IgG and C3 deposits were found in the glomeruli of AAV-IL-10-treated mice as compared to controls (Figure 5b ). The role of complement C3 and immune complex deposition in active lupus nephritis is well documented, and their reduction here corresponds with the reduced proteinuria. Overall, these results suggest that IL-10 overexpression reduced the severity, but did not eliminate lupus nephritis in B6.TC mice.
IL-10 Overexpression Normalizes Plasma Cell Migration to the Bone Marrow and T-Cell Activation
In order to understand the mechanisms by which IL-10 overexpression affects autoimmune pathogenesis in B6.TC mice, we compared lymphocyte subset distribution and activation status in the bone 
CD43
þ pro/early B cells (Figure 6a) , suggesting that the cytokine affected early developmental events. No difference was found in the distribution of other B-cell subsets in the bone marrow, spleen or peritoneal cavity (data not shown), except for plasma cells. We have previously shown that plasma cells in B6.TC mice presented intrinsic defect in their ability to leave the spleen and lymph nodes to migrate to the bone marrow, 36 which resulted in a high spleen/bone marrow plasma cell ratio. The number of syndecanpositive B220
À cells in the bone marrow was significantly higher in AAV-IL-10 treated mice, concomitant with a reduction of the number of splenic plasma cells, resulting in a significantly reduced spleen/bone marrow plasma cell ratio (Figure 6b ).
IL-10 overexpression had a significant effect on T cells. The percentage CD44
À CD62L þ naïve CD4 þ T cells was increased while the number of CD44 þ CD62L À activated effector CD4 þ T cells was decreased ( Figure 7a ). The reduction in T-cell activation was also manifested by a significantly reduced expression of the early activation marker CD69 (data not shown). The B6.TC mice are also characterized by an elevated CD4/CD8 ratio due to an impaired activation induced cell death (AICD) of the CD4 þ T-cells mapping to the Sle3 locus. 37 We found that IL-10 overexpression normalized the CD4/CD8 ratio (Figure 7b ), suggesting that it increased CD4 þ T cell AICD. Finally, B6.TC mice have a reduced number of regulatory CD4 þ CD25 þ CD62L þ T cells (T Regs ) that maps to the Sle1 locus. 38 In addition of being a T Regs marker, CD25 is also expressed on activated T cells, which are increased in B6.TC mice. We have therefore included CD62L marker in our measurement of T Regs to circumvent this problem. 
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Additional staining showed that the majority of these cells are CD69 À and express Foxp3 (data not shown). There was a trend in an increased percentage of splenic T Regs in AAV-IL-10-transduced mice (Figure 7c ), but it did not reach statistical significance (P ¼ 0.09).
Discussion
Many studies have reported elevated levels of IL-10 in lupus patients and murine-prone strains. 2, 6 Transfer experiments have suggested that in SLE patients, IL-10 was produced by monocytes and autoreactive B cells, but not T cells. 39 In mice, it is not clear what is the source of the elevated IL-10 production. Marginal zone B cells in some lupusprone strains are hyper responsive to TLR9 stimulation, which results in abundant IL-10 secretion. 41 This IL-10 production suppresses splenocyte production of IL-12, and it has been suggested that this regulatory activity of B cells may contribute to lupus pathogenesis. [40] [41] [42] In the NZM2410 model, including B6.TC, the marginal zone B cell compartment is significantly reduced (Morel et al, in preparation) , which does not fit the previous model, and we have not observed an increased IL-10 production in these cells (data not shown). B-1a cells, which are the main producers of IL-10 in the mouse, 13 are found in high numbers in the lupus prone strains NZB, 43 NZB/W F1, NZM2410, 44 and B6.TC. 12 Whether this expanded cell compartment was the cause for the high IL-10 level has, however, never been directly addressed. We found that, on a per cell basis, IL-10 production was similar between B6.TC and control B6 mice for all cell types, except CD4 þ T cells. NZM2410 T cells produce high levels of IL-4, 31 but this dual over production of IL-10 and IL-4 in the NZM2410 model is unlikely to correspond to a bias toward a T H2 cytokine profile. We have indeed shown that Sle1, the only genetic locus that directly affects T-cell phenotypes in this model, is associated with an over production of IL-2, IFNg and IL-4, 38 and this phenotype, which reflect a generalized hyperactivation of the T-cell effector functions, is maintained in B6.TC mice. 45 The lack of overexpression by other cell types supports a different regulatory mechanism in T cells, as previously postulated.
14 It was of special interest that B6.TC B-1a cells produced normal levels of IL-10, whether stimulated or not, suggesting that the genes from the lupus-prone mouse affect the number of B-1a cells, but do not impact on their functions. Nonetheless, B6.TC mice overall produce more IL-10 due to the cumulative effects of their large number of B-1a cells and the increased output from CD4 þ T cells. These results also indicate that the lupus-associated increase in IL-10 production is complex and may result from multiple processes, such as here in our model, an increase in the number of cells that are major producers, and an increase in the intrinsic capacity of other cells, here CD4 þ T cells, to produce that cytokine. The involvement of various cell types may vary between lupus models and among lupus patients, which may contribute to the different results obtained with the manipulations of IL-10 levels.
Given the high level of IL-10 in B6.TC mice, it could have been predicted that increasing this cytokine expression would further promote disease development. We elected to use an AAV vector to express IL-10. This construct has shown efficacy in multiple disease models in which it was successfully used as an anti-inflammatory gene therapy approach. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Mice were treated at 6 weeks of age, which is very early in the development of the autoimmune process in this model in which sustained levels of anti-dsDNA IgG antibodies appear between 4 and 5 months of age. 11 The experiment was terminated at 7 months of age, which corresponds to a phase of active autoimmunity, but before terminal end stage disease for most mice. 11 We were able to show active IL-10 expression in the AAV-transduced muscle at the time of sacrifice, indicating a sustained expression throughout the experiment.
IL-10 overexpression significantly reduced the production of anti-dsDNA and antichromatin IgG antibodies at 18 and 22 weeks post-transduction, and the difference was no longer significant at 26 weeks of age for anti-dsDNA IgG. This result indicates that IL-10 overexpression resulted in a significant delay rather than in a complete inhibition of auto-antibody production. Antinuclear autoantibodies are the hall-mark of lupus, and therefore their significant reduction in AAV-IL-10-treated mice clearly indicates that IL-10 overexpression globally reduced and delayed the induction of systemic autoimmunity. Another hallmark of lupus in murine models is immune complex mediated glomerulonephritis. Although glomerulonephritis scores were similar between treated and control B6.TC mice, AAV-IL-10 significantly reduced proteinuria, immune-complex deposition, and mesangial proliferation, all of which are markers of active clinical disease. The fact that protection was not complete can be linked at least partially to the break in tolerance to nuclear antigens that we observed toward the end of the treatment period. The effect of AAV-IL-10 expression was transient, considering either the downregulation of inflammatory cytokines or auto-antibodies. This by itself could be due to either the limited life-span for the production of IL-10 by the AAV vectors, or to this production being overcome with time with an expanding autoimmune process. Precise time-course analyses will be required to distinguish these two possibilities. In addition, non-anti-dsDNA auto-antibodies directed to yet undefined specificities play a significant role in pathogenesis in the NZM model, 46 and the generation of these auto-antibodies may be less affected by IL-10.
We investigated the mechanisms by which IL-10 overexpression reduced the autoimmune pathogenesis in the B6.TC mice. Serum IgM level were significantly decreased in AAV-IL-10-treated mice, which was unexpected given the effects of IL-10 on B-cell survival, differentiation and proliferation. 47, 48 In our model, AAV-IL-10 did not increase the number or subset distribution of B cells either in the spleen or the peritoneal cavity, including the B1a subset, which is largely responsible for serum IgM production. These results suggest that the level of IL-10 expression provided by the AAV vector was below the level required for a proliferative effect on B cells. The role of IL-10 on immunoglobulin production is less clear, as serum immunoglobulin levels are normal in IL-10 deficient mice. 49 Serum IgM levels were decreased in AAV-IL-10-treated B6.TC mice, demonstrating that in this model, terminal differentiation of autoreactive B-1 cells is not enhanced by IL-10, as it has been suggested in a transgenic model of antierythrocyte antibodies. 50 We did not find any difference in IgG levels, or IgG isotypes, except a modest difference for IgGb levels. Notably, we did not find a difference in the IgG1/ IgG2a ratio, which argues against IL-10 exerting its effect through a T H1 /T H2 skewing. Interestingly, we found that IL-10 overexpression restored B6.TC plasma cells migration to the bone marrow. The accumulation of splenic plasma cells is a characteristic of the NZM2410 model that is intrinsic to bone marrow-derived leukocytes. 37 The results presented in this study demonstrate that an excess of IL-10 exposure can reverse this defect, and suggest that it plays a role in pathogenesis as its normalization is associated with a decreased auto-antibody production and kidney disease.
IL-10 immuno-regulatory effects on T cells have been well documented (reviewed by Mocellin et al 1 )
. Our results showed that AAV-IL-10 significantly reduced CD4
þ T-cell activation in B6.TC mice. It also significantly reduced the CD4/CD8 ratio, implying that it normalized CD4 þ T cell AICD. The AICD impairment in B6.TC mice was shown recently to be mediated by Sle3-expressing DCs that have a proinflammatory cytokine profile. 51 Our results suggest that IL-10 exposure restores Sle3-expressing DCs to mediate AICD. It also strongly suggests that CD4 þ T-cells activation and impaired AICD play a significant role in lupus pathogenesis in our model. Finally, we have previously shown that AAV-IL-10 prevention of type 1 diabetes in the NOD mouse was mediated by CD4 þ CD25 þ T Reg . 30 AAV-IL-10 tended to increase the number of T Reg in B6.TC mice, but that effect was not significant. This could be interpreted as AAV-IL-10 had a significant effect on T Reg numbers, but as in the case for anti-dsDNA auto-antibody, it was no longer significant at the end of the experiment. It could also indicate that AAV-IL-10 engaged another type of regulatory T cells, known as T R1 . T R1 cells secrete high amounts of IL-10 and TGFb, and they can be can be induced by IL-10 exposed DCs, 52 establishing a regulatory loop between these to cell types through IL-10.
1 Further studies will be necessary to determine which of these regulatory subsets is mobilized by AAV-IL-10 in the B6.TC model.
In conclusion, our data showed that although B6.TC mice produce higher IL-10 levels that nonautoimmune control mice, an overexpression of IL-10 decreased T-cell activation, auto-antibody production and autoimmune pathogenesis. These results reinforce the notion that IL-10 exerts multiple functions and commend caution in equating high levels of IL-10 and increased pathogenesis in systemic autoimmunity.
